Salazar KD, Lankford SM, Brody AR. Mesenchymal stem cells produce Wnt isoforms and TGF-␤ 1 that mediate proliferation and procollagen expression by lung fibroblasts.
peptide growth factors; pulmonary fibrosis MESENCHYMAL STEM CELLS (MSC) have been derived from several sources including human umbilical cord blood (CBMSC) and mouse bone marrow (BMSC). These cells have broad potential and have been shown to differentiate into fibroblasts and myofibroblasts as well as bone, adipose, and epithelial cell types (7, 12, 30, 34) . Initial genomic studies suggested that CBMSC and BMSC differ in expression of a large number of genes (29, 41) . However, it is not understood whether these observed differences would translate to altered responses in models of stem cell therapy. MSC appear to influence the development of inflammation and injury in several model systems (28, 37) . In the lung, introduction of MSC has ameliorated bleomycin injury (27, 33, 43 ) since a BMSC subpopulation expressing IL-1 receptor antagonist (IL-1RN) apparently provides protection from bleomycin-induced inflammation by inhibiting TNF-␣ and IL-1 production (27) . In addition, BMSC were observed in the lungs of asbestos-exposed mice and correlated with decreased fibrosis (16) . These data suggest that different MSC subpopulations can significantly modulate the onset of a fibrogenic response. Clearly, there is a great deal to be learned about the mechanisms through which MSC play a role in the development of lung disease and whether the cells could serve as potential therapeutic agents.
One approach to learning key aspects about the biology of MSC is to culture the cells and collect the conditioned medium (CM) to determine whether the cells release factors that control the proliferative and fibrogenic features of pulmonary target cells. We have been interested for some time in the biology of TNF-␣, transforming growth factor-␤ 1 (TGF-␤ 1 ), and the PDGF isoforms that control growth and collagen production by lung fibroblasts (39, 42) . Inasmuch as interstitial lung fibroblasts and myofibroblasts are the cells that synthesize collagen during the genesis of fibroproliferative lung disease, we are asking in the work presented here whether MSC express paracrine factors that regulate cell growth and collagen production. The results show that MSC derived from human umbilical cord blood (CB) or from the bone marrow of mice release Wnts 1, 2, and 7b, TGF-␤ 1 , and PDGF-AA into the culture medium. The CM induced a fibroblast cell line as well as primary lung fibroblasts to proliferate and express the gene that codes for ␣ 1 -procollagen (COL1A1) in a concentrationdependent pattern. Our data demonstrate: 1) the Wnt signaling antagonist, secreted frizzled-related protein-1 (sFRP-1), inhibited the proliferative effects of the MSC-CM; 2) Wnt7b expression was measured along with nuclear ␤-catenin; and 3) anti-TGF-␤ 1 antibody inhibited the induction of collagen gene expression in lung fibroblasts.
METHODS

Culture of Primary MSC
BMSC were provided by the Tulane Center for Gene Therapy. Primary mouse BMSC were isolated from the femurs and tibia of male C57BL/6 mice as previously described (35) . Cells were plated, and nonadherent cells were removed by washing with PBS. BMSC were further expanded in BMSC culture medium [Iscove's modified Dulbecco's medium (IMDM; Invitrogen, Carlsbad, CA) supplemented with 2 mM L-glutamine (Mediatech, Manassas, VA), 100 U/ml penicillin (Mediatech), 100 g/ml streptomycin (Mediatech), 0.25 g/ml amphotericin B (Sigma, St. Louis, MO), 10% FBS (Invitrogen), and 10% horse serum (HyClone, Logan, UT)]. Surface marker expression was determined using flow cytometry. BMSC were negative for CD11b and CD45 and positive for SCA-1, VCAM, and CD29 (5). The BMSC were used up to passage 8.
CBMSC from three different donors were provided by the Adult Stem Cell Core at the University of Vermont. Briefly, human CB was obtained from normal term deliveries, and Ficoll gradient centrifugation was used to isolate CB nucleated cells (38) . Adherent cells were expanded in CBMSC culture medium [␣-minimum essential medium (␣MEM; Invitrogen) supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% FBS]. CBMSC were assessed for the expression of MSC surface markers via flow cytometry (38) . All experiments were conducted with CBMSC at passages 2-5. On receipt of all MSC, stemness was confirmed by inducing differentiation into osteocytes and adipocytes (data not shown). The CBMSC-CM data presented herein were reproduced independently with cells from each of the three donors.
Fibroblast Culture Conditions
Mouse Swiss 3T3 fibroblasts were purchased from American Type Culture Collection (ATCC, Manassas, VA) and cultured in DMEM (Mediatech) supplemented with L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% FBS.
Human lung 16Lu fibroblasts were purchased from ATCC and cultured in MEM (Mediatech) supplemented with L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 10% FBS, nonessential amino acids (Mediatech), and sodium bicarbonate. Cells were kept subconfluent, and media was changed every 3-4 days. 3T3 and 16Lu fibroblasts were used up to passage 15.
Primary normal human lung fibroblasts (NHLF) were purchased from Lonza (Walkersville, MD) and cultured according to manufacturer's instructions in fibroblast basal medium (FBM) supplemented with hFGF-B, insulin, gentamicin, amphotericin B, and 2% FBS (media and supplements from Lonza). Fibroblasts were isolated from an 11-yr-old female and a 31-yr-old male. Experiments were conducted at passages 2-5. Data are representative of both donors and are not significantly different between the two.
Culturing Fibroblasts in MSC-CM
Subconfluent BMSC (Fig. 1A) and CBMSC ( For all experiments, CM was thawed and concentrated with Centricon Plus-20 centrifugal concentration tubes (5,000 NMWL; Millipore, Bedford, MA) and resuspended at a fivefold concentration in SF DMEM, SF MEM, or SF FBM. The fivefold concentration corresponds to 2 ϫ 10 5 MSC per milliliter. CM was serially diluted fivefold. Acid activation of TGF-␤ in CM was achieved by acidifying the concentrated CM with 1 N HCl followed by incubation at room temperature for 10 min. The CM was then neutralized with 1.2 N NaOH/0.5 M HEPES before resuspending fivefold in SF medium.
For the proliferation studies, fibroblasts were plated in 96-well plates at 1 ϫ 10 3 cells/well in a 96-well plate for bromodeoxyuridine (BrdU) analysis or 2 ϫ 10 4 cells/well in 12-well plates for cell counts. Cells were quiesced in SF media for 24 h before experimentation. Fibroblasts were cultured in serially diluted MSC-CM for 48 or 96 h. After 48 h, BrdU was added at a final concentration of 10 M for 6 h. Proliferation was assessed using a cell proliferation ELISA commercial kit (Roche Applied Science, Indianapolis, IN) according to the manufacturer's instructions. Cells were enumerated after 4 days with a hemocytometer. Viability was determined using trypan blue exclusion dye.
For the collagen studies, fibroblasts were plated at 2 ϫ 10 4 cells/well in 12-well plates and quiesced in SF media for 48 h. Cells were treated with serially diluted MSC-CM for 48 h. Collagen expression was determined by real-time RT-PCR analysis of COL1A1 fibroblast mRNA expression.
Fibroblast Coculture Experiments
Target NHLF were plated at 1 ϫ 10 4 cells/well on the bottom surface of six-well Transwell plates (0.3-m pore size) and were cultured in serum-containing FBM for 24 h. Subsequently, MSC or NHLF cells were plated in the top well at 4 ϫ 10 4 cells/well in serum-containing ␣MEM (CBMSC), IMDM (BMSC), or FBM (NHLF). Control wells contained ␣MEM only in the top wells. After 24 h, media in the top wells was replaced with SF ␣MEM (CBMSC) or SF IMDM (BMSC), and media in the bottom wells was replaced with SF FBM. After 72 h, media was aspirated from all wells, and the top wells were discarded. The target NHLF cells were trypsinized, resuspended in trypan blue, and counted using a hemocytometer.
Quantitative Real-Time RT-PCR
Total RNA was isolated and purified using an RNeasy Mini Kit (Qiagen). Two hundred nanograms of RNA were reverse-transcribed in 20-l volumes using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to the manufacturer's instructions. One microliter of cDNA was amplified in 20-l reactions containing 200 nM COL1A1, TGF-␤ 1, or 36B4 primers in iQ SYBR Green Supermix (Bio-Rad). PCR was performed for 35 cycles at 95°C for 15 s and 60°C for 45 s using a MyiQ Real-Time Detection System (Bio-Rad). All samples were run in duplicate. PCR sequences were: COL1A1, forward, 5Ј-CTGGTAGCCGTGGTTTCCCT-3Ј, reverse, 5Ј-CCAGGG-CTTCCAGTCAGACC-3Ј (166-bp PCR product); 36B4, forward, 5Ј-TCTGGAGAAACTGCTGCCTCATA-3Ј, reverse, 5Ј-GCCAG-CAACATGTCCCTGATC-3Ј (90-bp PCR product); TGF-␤1, forward, 5Ј-GGACACCAACTATTGCTTCAGCTCC-3Ј, reverse, 5Ј-AGGCTCCAAATGTAGGGGCAGGGCC-3Ј (155-bp PCR product). Standard curves showed that PCR efficiency was 98 -100% for the assays. Negative controls, such as cDNA reactions without RT or RNA, and PCR mixtures lacking cDNA were included to detect possible contamination. Melt curve analysis was conducted to confirm reaction specificity. Samples were quantitated by the relative standard curve method using standard curves made from serial dilutions of COL1A1, 36B4, and TGF-␤1 plasmid standards. Expression of COL1A1 and TGF-␤ 1 were normalized to that of 36B4 for each sample. 
PCR Array
Two micrograms of total RNA from quiescent NHLF cells and CBMSC was converted to first-strand cDNA with a RT 2 First Strand Kit (SABiosciences, Frederick, MD). Relative expression of an array of genes related to the human Wnt signaling pathway was determined using the NHLF and CBMSC cDNAs as templates in real-time PCR RT 2 Profiler arrays (SABiosciences). A total of four arrays were analyzed, two for NHLF and two for CBMSC.
Measurement of Cytokine Concentration in the CM
The concentration of TNF-␣, TGF-␤ 1, PDGF-BB, and PDGF-AA in MSC-CM cultured in SF media for 48 h was quantified via ELISA (human and mouse TGF-␤ 1, TNF-␣, and PDGF-BB DuoSet and PDGF-AA Quantikine ELISA kits; R&D Systems, Minneapolis, MN). To quantify biologically active TGF-␤ 1, the media was acidactivated according to the manufacturer's instructions and compared with untreated media.
Antibodies
Recombinant, human Dickkopf-1 (Dkk-1), sFRP-1, TGF-␤ 1, PDGF, and recombinant, murine Dkk-1 and sFRP-2 were purchased from R&D Systems. Anti-mouse TGF-␤, anti-mouse PDGF receptor-␣ (PDGFR-␣), anti-mouse PDGFR-␤, anti-human FGF-2, anti-human FGF-4, anti-human FGF-9, anti-human VEGF, and anti-human Wnt7b were all purchased from R&D Systems. Anti-Wnt1 (A-20), anti-Wnt2 (H-20), and anti-Wnt3 (N-15) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies and recombinant proteins were reconstituted according to the manufacturer's instructions.
Measurement of ␤-Catenin
NHLF were plated in triplicate at 1 ϫ 10 5 cells/well in 12-well plates, quiesced in SF media for 48 h, and cultured in fivefold concentrated CBMSC-or BMSC-CM or 33 mM LiCl in SF media for 5 h as a positive control (9) . Nuclear and cytoplasmic fractions were isolated according to the manufacturer's instructions (NE-PER Nuclear and Cytoplasmic Extraction Reagents; Pierce Biotechnology, Rockford, IL). Total protein concentrations were measured using the Bradford assay. Total ␤-catenin was quantified via ELISA according to the manufacturer's instructions (R&D Systems).
Statistics
ANOVA was performed for all statistical analyses using a TukeyKramer t-test to perform multiple comparisons between all treatment groups. All values are expressed as means Ϯ SE where n ϭ 3 or 4. A P Յ 0.05 was considered statistically significant.
RESULTS
MSC Produce TGF-␤ 1 and PDGF-AA
Previously, we presented evidence both in vivo and in vitro that the peptides TNF-␣ (19), TGF-␤ 1 (20) , and PDGF-AA and PDGF-BB (21) play a role in the development of fibroproliferative lung disease. Here, we measured the production of these cytokines in medium conditioned by MSC. To determine the concentration of TNF-␣, TGF-␤ 1 , PDGF-AA, and PDGF-BB in the supernatant of BMSC and CBMSC, MSC were plated at 80% confluence and cultured in SF media for 48 h. The CM was harvested and measured by ELISA. Gene expression of TGF-␤ 1 was 2.5-fold higher in quiescent CBMSC than in quiescent NHLF as measured by RT-PCR (data not shown). Neither BMSC nor CBMSC produced TGF-␤ 1 that could be detected before acid activation (data not shown). However, following acidification, CM from both MSC types contained similar concentrations of TGF-␤ 1 (ϳ120 pg/ml; Fig. 2A ). In contrast, PDGF-AA concentrations were significantly greater in BMSC-CM than CBMSC-CM. BMSC produced ϳ90 pg/ml PDGF-AA, and CBMSC produced 10 pg/ml (Fig. 2B) . PDGF-BB and TNF-␣ could not be detected by ELISA in the CM from either of the MSC populations (data not shown).
MSC-CM Induces Proliferation in Quiescent Lung Fibroblasts
Monolayer cultures. Two primary hallmarks of pulmonary fibrosis are the proliferation of fibroblasts and the production of collagen. To determine whether the cytokines measured in the experiments reported above affect fibroblast proliferation, MSC-CM was concentrated, serially diluted, and applied to quiescent Swiss 3T3 fibroblasts and to NHLF for 48 -96 h. Proliferation was assessed by BrdU incorporation and cell counting. CM from both BMSC and CBMSC induced proliferation at similar levels. Recombinant human PDGF-BB was included as the positive control for growth. Fivefold concentrated and unconcentrated CBMSC-CM increased BrdU incorporation 4-and 2-fold, respectively (Fig. 3A) . Additional concentrations did not induce significant changes in BrdU incorporation. Serial dilutions of BMSC-CM produced similar proliferative effects (Fig. 3B) . Swiss 3T3 fibroblasts were enumerated via trypan blue exclusion after 4 days of treatment with CBMSC-and BMSC-CM to confirm the BrdU incorporation data, and these counts showed that increased BrdU incorporation correlates with an increased number of cells (Fig.  3, C and D) . To confirm that MSC-CM induces proliferation in primary fibroblasts as well as immortalized fibroblasts, primary cells from NHLF were purchased from a commercial source and treated with MSC-CM as in the previous experiments. CBMSC-CM concentrated 5-fold induced an ϳ4.5-fold increase in proliferation of NHLF (Fig. 3E ). In addition, NHLF proliferated at a similar rate as 3T3 fibroblasts following treatment with BMSC-CM (Fig. 3F) . Together, these data suggest that CM from CBMSC and BMSC contain mitogenic factor(s) capable of inducing fibroblast proliferation at levels similar to 20 ng/ml recombinant human PDGF-BB. Acid activation of 5-fold concentrated BMSC-CM resulted in a significant decrease in NHLF proliferation compared with untreated BMSC-CM (Fig. 4) .
Cocultures. NHLF were grown in coculture with NHLF, BMSC, or CBMSC so that the cells were in close proximity but were separated by a membrane (0.3-m pore size). NHLF proliferation was significantly increased when cocultured with BMSC ( Fig. 5) indicating that the BMSC are releasing a diffusible proliferative factor into the media.
sFRP-1 Inhibits the Proliferative Effect of MSC-CM
To determine the cytokine(s) responsible for regulating fibroblast proliferation, several blocking antibodies specific for known MSC mitogenic cytokines were added to the CM. The data in Fig. 1B show that MSC produced measurable levels of PDGF-AA, which is known to induce fibroblast proliferation (11) . Anti-PDGFR-␣ and anti-PDGFR-␤ were added to the NHLF before treatment with MSC-CM. Growth rates of the NHLF treated with either BMSC-or CBMSC-CM were not significantly affected by the inhibition of the PDGFR (Fig. 6) . In addition, a number of other proliferative cytokines such as FGF-2, -4, and -9 and VEGF reportedly are synthesized by BMSC and CBMSC (23, 34) . Attempts were made to selectively block these factors by inhibitory antibodies, but each of these failed to suppress the mitogenic effects of the CM (data not shown).
Wnt proteins have been shown to be potent fibroblast mitogens (9, 44) , and recent studies have demonstrated that MSC secrete several Wnt proteins (1, 8) . To determine whether Wnt plays a role in the induction of proliferation by MSC-CM, several concentrations of recombinant human sFRP-1 and murine sFRP-2 were added to the CM before treating the NHLF. sFRP-1 inhibited NHLF proliferation induced by CBMSC-and BMSC-CM in a concentration-dependent manner (Fig. 7, A and B) . However, sFRP-2 did not affect NHLF proliferation at any of the concentrations tested (Fig. 7, A and  B) . Stimulation of the Wnt signaling pathway has been shown to increase ␤-catenin concentrations (9). Nuclear and cytoplas- Fig. 3 . MSC-CM increases proliferation in quiescent lung fibroblasts. CM from MSC plated at 4 ϫ 10 4 cells per milliliter and cultured in SF media was concentrated 5-fold and serially diluted. Quiescent Swiss 3T3 fibroblasts were cultured in serially diluted CBMSC-(A) or BMSC-CM (B) for 48 h. PDGF-BB (20 ng/ml) was included as a positive control for proliferation in all experiments. Proliferation was assessed by bromodeoxyuridine (BrdU) incorporation that was measured by ELISA. For cell counts, Swiss 3T3 fibroblasts were cultured for 4 days in serially diluted CBMSC-(C) or BMSC-CM (D). Cell numbers were enumerated in trypan blue. BrdU incorporation was confirmed in quiescent normal human lung fibroblasts (NHLF) cultured for 48 h in CBMSC-(E) or BMSC-CM (F). Data represent the means Ϯ SE from triplicate wells for each treatment group from 3 separate experiments. *Significantly different from SF, P Ͻ 0.05. mic ␤-catenin concentrations were measured via ELISA in NHLF following 5-h culture in CBMSC-CM, BMSC-CM, or LiCl (33 mM) as a positive control. Cytoplasmic ␤-catenin concentrations were not significantly changed in response to either CBMSC or BMSC (Fig. 7C ), but both CBMSC-and BMSC-CM increased nuclear ␤-catenin concentrations similar to levels stimulated by LiCl (Fig. 7D) .
Anti-Wnt1 and 2 Inhibit Fibroblast Proliferation, and Wnt7b Expression is Identified by PCR
MSC have been shown to produce a number of canonical Wnts such as Wnt1, 2, and 7b (1, 23). Anti-Wnt1 and 2 antibodies were added to CBMSC-and BMSC-CM before fibroblast treatment (Fig. 8, A and B) . A nonspecific isotype control was added to the CM. The data indicate that both antibodies significantly attenuated fibroblast proliferation in a concentration-dependent fashion (Fig. 8, A and B) . Together, these data suggest that MSC-CM contain a sufficient concentration of Wnt proteins to induce lung fibroblast proliferation. Expression of Wnt7b was determined by PCR array to be ϳ50-fold higher in quiescent CBMSC than in quiescent NHLF; however, no difference in Wnt1 or Wnt2 expression was detected (data not shown).
MSC-CM Induces Collagen Gene Expression in Lung Fibroblasts
To determine the effect of the TGF-␤ 1 produced by the MSC on collagen gene expression in fibroblasts, CM was concentrated, serially diluted, and applied to quiescent 16Lu and NHLF for 48 h. Gene expression was determined by analyzing COL1A1 levels measured by RT-PCR. When the TGF-␤ 1 in the CM from BMSC or CBMSC remained latent, there was no effect on COL1A1 levels (Fig. 9, A and B) . However, acid activation of the CM to remove the latency-associated peptide (24, 31) from TGF-␤ 1 resulted in a significant dose-dependent increase in COL1A1 levels (Fig. 9, A and B) . Both CBMSCand BMSC-CM increased COL1A1 in 16Lu fibroblasts 5-to 7-fold when concentrated 5-fold (Fig. 9, A and B, respectively) . In addition, unconcentrated CM from either source increased collagen gene expression approximately 3-to 4-fold. As conducted in the previous set of experiments, primary human fibroblasts were utilized to confirm the results seen with 16Lu fibroblasts. Both CBMSC-and BMSC-activated CM increased procollagen gene expression(s) in NHLF to similar levels as those found in the 16Lu cell line (Fig. 9, C and D) .
Antibody Inhibition of TGF-␤ 1 Blocks the Induction of COL1A1 in Lung Fibroblasts
The previous data show that activating TGF-␤ 1 in the CM increases COL1A1 gene expression. To demonstrate that it was the TGF-␤ 1 in the CM that induced collagen gene expression, anti-TGF-␤ was added to the CM before fibroblast treatment. The data indicate that specific blocking of TGF-␤ 1 abrogates the enhanced collagen expression in fibroblasts treated with MSC-CM (Fig. 10, A and B) . Together, these data suggest that the CM is able to induce matrix production in fibroblasts via a TGF-␤ 1 -dependent pathway.
DISCUSSION
The objective of our studies reported here was to determine whether a small set of well-characterized peptides are synthesized and released by human and mouse MSC and then to determine whether the factors mediate the growth and matrix production of lung fibroblasts as target cells. To determine the degree of biological variability that is likely to be present in Fig. 7 . MSC-CM induces fibroblast proliferation via a Wnt/␤-catenin signaling pathway. The inhibitory effect of secreted frizzled related protein-1 (sFRP-1) and sFRP-2 on NHLF proliferation following CBMSC or BMSC was assessed with a BrdU ELISA. sFRP-1 and sFRP-2 were added in various concentrations to 5-fold concentrated CBMSC-(A) or BMSC-CM (B) for 1 h at 37°C before NHLF treatment. BrdU incorporation was measured via ELISA after 48 h. Cytoplasmic (C) and nuclear (D) ␤-catenin concentrations were quantified via ELISA in NHLF following 4-h treatment with SF media, 5-fold concentrated CBMSC-or BMSC-CM, or LiCl (33 mM) as a positive control. Data represent the means Ϯ SE from triplicate wells for each treatment group from 3 separate experiments. *Significantly different from SF, P Ͻ 0.05. #Significantly different from MSC-CM, P Ͻ 0.05. Fig. 8 . Anti-Wnt1 and Wnt2 inhibit fibroblast proliferation. Anti-Wnt1, anti-Wnt2, and an isotype control were added to 5-fold concentrated CBMSC-(A) or BMSC-CM (B) for 1 h at 37°C before NHLF treatment. BrdU incorporation was measured via ELISA after 48 h. Data represent the means Ϯ SE from triplicate wells for each treatment group from 3 separate experiments. *Significantly different from MSC-CM, P Ͻ 0.05. Ab, antibody.
both the stem cells and fibroblast targets, we compared CBMSC from 3 individual donors and BMSC from mice. The fibroblasts were derived from human and murine lungs. Our data demonstrate that CM from MSC derived from these two different sources clearly produced PDGF-AA, but apparently at a concentration insufficient to cause proliferation. On the other hand, latent TGF-␤ 1 that could be readily activated was released at concentrations sufficient to induce collagen gene expression in lung fibroblasts. In addition, we present evidence that CBMSC-and BMSC-CM induce lung fibroblast proliferation via stimulation of the Wnt-␤-catenin pathway. Human and mouse signaling proteins and their receptors are highly homologous as determined by amino acid sequence alignments; Wnts 1, 2, and 7b proteins are at least 96% identical, TGF-␤ 1 proteins are 90% identical, and TGF-␤ and frizzled receptors are 95 and 93% identical, respectively.
Previous reports have demonstrated inhibitory effects of MSC on the growth of target cells such as T lymphocytes and cardiac fibroblasts (13, 18, 26) . Conversely, MSC have been shown to induce proliferation and migration in keratinocytes and endothelial cells (3, 32) . To our knowledge, the results reported here represent the first demonstration of the mitogenic potential of MSC-CM on lung fibroblast target cells in vitro. The earlier studies indicated above reported suppression of cardiac fibroblast proliferation and collagen production (18, 26) , but these differ technically from our studies in several ways. Finally, on this topic, Li and colleagues (18) reported antiproliferative and antifibrotic effects when BMSC-CM was combined with a profibrotic protein such as angiotensin II. Thus conditions for collecting CM appear to vary greatly among these reported studies, and clearly future studies are required to characterize the role of culture conditions on the concentration of paracrine factors in media conditioned by MSC.
In our initial search for mitogenic cytokines, we found that both BMSC-and CBMSC-CM contain PDGF-AA and that BMSC produce ninefold more PDGF-AA than CBMSC. PDGF-AA is a well-established mitogen for mesenchymal cells, including lung fibroblasts, and is upregulated during fibrogenesis in animal models (21) and human lungs (25) . However, we found that inhibiting the PDGF ␣-and ␤-receptors on lung fibroblasts did not reduce the ability of MSC-CM to enhance proliferation (Fig. 6 ) and antibodies to the AA and BB isoforms had no effect on cell growth (data not shown). The BB isoform was not detected, and our data suggested that either the concentrations of PDGF-AA in the CM were not sufficient to affect lung fibroblast growth or the AA isoform was not biologically active. Apparently, there is another, more potent proliferative factor in the media that is diffusible to the target cells in our coculture system (Fig. 5) .
The Wnt family of proteins regulates a number of cell functions including proliferation, morphology, and migration. Several reports have observed an upregulation of Wnt-related proteins in fibrotic lungs (14) . A recent study observed upregulation of Wnt1-inducible signaling proteins 1 and 7b in the lungs of bleomycin-exposed mice (17) . Another study found that the Wnt downstream effector, ␤-catenin, was increased in the nucleus of spindle-shaped mesenchymal cells located in fibroblast foci in the lungs of 16 out of 20 patients diagnosed with idiopathic pulmonary fibrosis (IPF) or usual interstitial pulmonary fibrosis (4) . Both BMSC and CBMSC express several Wnt genes such as Wnt1, 2, 4, 5a, 5b, 11, and 16 (1, 23) . Our data demonstrate that the Wnt antagonist sFRP-1 significantly inhibits the mitogenic effect of both CBMSC-and BMSC-CM (Fig. 5) . sFRP binds directly to Wnts and is hypothesized to inhibit the activation of frizzled/LRP receptors by the Wnt ligands (2) . It is currently unknown how the different members of the sFRP family affect the proliferative capacity of the various Wnt proteins (2) . In accordance with finding a Wnt ligand playing a role in fibroblast proliferation, we showed there was a clear upregulation of nuclear ␤-catenin in cells cultured in the MSC-CM (Fig. 7D ). This suggests that the proliferative response is mediated through the canonical pathway as reported previously for Wnt proteins synthesized by MSC, i.e., Wnts 1, 2, and 7b signal through the canonical ␤-catenin pathway (36) . Detection of increased expression of the Wnt7b gene in a PCR array suggests that this Wnt may contribute to the fibroblast proliferative response. Antibodies to other canonical Wnt proteins, i.e., Wnt1 and Wnt2, significantly attenuated fibroblast proliferation (Fig. 8, A and B) , however, increased expression of these genes was not detected by the PCR array. Wnts 3 and 5 did not block cell proliferation in our system. The conservation of the Wnt pathway among many different cell populations (22) suggests that Wnt synthesized by MSC could affect other cell types in a similar manner.
For example, studies have demonstrated that Wnt1 induces proliferation in endothelial cells and fibroblasts (10, 44) . Future studies will determine whether Wnt synthesis by MSC and the biological activity of the Wnt-␤-catenin pathway are altered as the stem cells differentiate and are exposed to other lung cell types in vitro and in vivo.
Expression of several cytokine genes by MSC has been demonstrated (3, 29, 41) ; however, to our knowledge, this is the first study to quantify the concentration of TGF-␤ 1 and PDGF-AA produced by CBMSC. Our data confirm the findings of previous studies demonstrating TGF-␤ 1 gene expression in MSC (3, 34) . Interestingly, the concentration of TGF-␤ 1 we report here in the CM from BMSC and CBMSC is similar to the levels produced by lung fibroblasts (39) . In addition, all of the measurable TGF-␤ 1 synthesized by MSC is present in the latent form as reported previously in lung fibroblasts (39) . One of the many functions of TGF-␤ 1 is to act as a potent stimulator of matrix production (40) and as an antagonist of cell proliferation (31) . It has been well-established that upregulation of TGF-␤ 1 in the lung is a hallmark of IPF (40) , and TNF-␣ has been shown to regulate TGF-␤ 1 expression in lung fibroblasts by activating the ERK-specific MAPK pathway (39) . Our repeated attempts to identify TNF-␣ in the MSC-CM were unsuccessful, and this is consistent with other studies (15) , suggesting that when the MSC synthesize TGF-␤ 1 , expression of this peptide is not influenced by TNF-␣ in an autocrine or paracrine fashion. Whether TNF-␣ from other lung or circulating cells would influence the expression of TGF-␤ 1 by MSC is unknown at this time but could be an important parameter in an inflammatory process. As would be expected, activated TGF-␤ 1 in the CM did block target cell proliferation (Fig. 4) .
Activation of latent TGF-␤ 1 is necessary for the ligand to bind to specific cognate receptors and upregulate matrix production in fibroblasts. Several studies have demonstrated that fibrotic lungs contain a number of factors that contribute to activating latent TGF-␤ 1 (6, 24, 31) . Consistent with this knowledge, we found that MSC-CM did not enhance collagen gene expression unless the TGF-␤ therein was activated at low pH. Activation of TGF-␤ 1 in the CB and BMSC-CM upregulated collagen gene expression to levels similar to the TGF-␤ 1 -positive controls (Fig. 9) . These data suggest that the TGF-␤ 1 in the MSC-CM could act as a profibrotic paracrine factor, but this observation does not necessarily follow what has been seen in vivo. For example, studies demonstrated that amelioration of fibrosis followed bone marrow transplantation in mice exposed to asbestos, and these animals had decreased TGF-␤ 1 in the bronchoalveolar lavage fluid (16). Ortiz and colleagues (27) found that a unique subpopulation of BMSC produce IL-1RN, which blocked TNF-␣ and IL-1 in bleomycin-treated lungs. These data suggest that MSC could inhibit the accumulation of TGF-␤ 1 by inhibiting the production of TNF-␣ in alveolar macrophages (27) . On the other hand, Xu and coworkers (43) demonstrated that BMSC expressing CXCR4 ϩ contribute to the progression of fibrotic lesions. It is currently unknown whether the CBMSC and BMSC we used produce IL-1RN or are positive for CXCR4. Further investigations will determine how culture conditions as well as differentiation of MSC affects the production of TGF-␤ 1 and its biological properties. At this juncture, our studies suggest that the TGF-␤ 1 produced by MSC could induce matrix production following activation as discussed above.
In summary, our studies show that the MSC derived from mouse BM and human CB produce biologically active Wnts 1 and 2 as well as TGF-␤ 1 (Figs. 8 and 10 ). Synthesis of these factors was not found to vary significantly between donors or species. Wnt ligand increased accumulation of nuclear ␤-catenin and induced cell proliferation. The TGF-␤ 1 induced different populations of fibroblast target cells to upregulate the gene that codes for COL1A1. These two activities, fibroblast proliferation and extracellular matrix production, are two key features of lung fibrogenesis. Whether the MSC will influence lung cells in vivo as they have been shown to do here in vitro remains unclear. Certainly, little is known in regard to how exogenous treatment with cytokines or placing the stem cells in coculture conditions with different lung subpopulations would affect production of TGF-␤ 1 , Wnts, or other potent mediators. In addition, it will be critical to determine how differentiation into respiratory phenotypes such as myofibroblasts and epithelial cells affects synthesis of these fibroproliferative factors.
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